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ABSTRAC1

In support of the proposed exploration of Mars, an unmanned cargo ferry SEMM1
(Solar Electric Mars Mission) has been designed. The vehicle is based on solar
electric propulsion, and required to transport a cargo of 61,000 kilograms. The
trajectory is a combination of spirals; first, out from LEO, then around the sun, then
spiral down to low Mars orbit. The spacecraft produces 3.03 MWe power using
photovoltaic flexible blanket arrays. Ion thrusters using argon as a propellant have
been selected to drive the ship, providing about 60 Newtons of thrust in low Earth
orbit. The configuration is based on two long truss beams to which the 24
individual, self-deployable, solar arrays are attached. The main body module
supports the two beams and houses the computers, electrical, and control
equipment. The thruster module is attached to the rear of the main body, and the
cargo to the front.
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1.2 Background

1.2a Historical Background

In May of 1990, President Bush visited Marshall Space Flight Center in Houston,
Texas and made a historical speech. His words there crystallized the goals of many
Americans: to land again on the Moon and establish a permanent presence there,
then to send a manned mission to Mars. The President also set a date of 2019 for
this momentous first landing on Mars, and NASA engineers and science fans
nationwide raced back to their drawing boards. A Mars mission had long been
- dreamed about, but never studied in depth. A call was put out for papers and ideas
that might aid in the accomplishment of the long awaited journey.

Every senior engineering class at Virginia Tech participates in a design project in
their major field of study. This year one of the topics available to the Aerospace
and Ocean Engineering class was the development of a conceptual design for a
spacecraft that would operate in support of the Mars mission. Specifically, the
design would be for an unmanned cargo ferry that could bring equipment and
supplies to Mars.

1.2b Definition of Concept

The concept for a Mars cargo ferry stems from the idea of a progressive presence
in deep space in support of human exploration. This idea includes the short term
use of present technology to begin exploration and mapping of the Martian surface.
Much work must be done before any men ever step onto the surface of another
planet, including terrain mapping, atmospheric and soil sampling, and the
establishment of a communication system on and around Mars.

Once newer technology has reached maturity, it would be used immediately to push
the exploration ahead. Automated workers would assemble scientific bases and
habitats for the humans soon to come. Orbiting satellites would be placed around
the planet to provide constant communication and commands to the machines and
probes on Mars. The cargo ferry will be used to bring these materials to Mars. It
is required to drop the cargo module off in orbit around Mars, to be transferred
down to the surface by an orbital transfer vehicle, either manned or automated.
The cargo ferry is a vital workhorse in this overall plan.






1.3 Design Considerations

A design of a major space vehicle must always identify several key criteria dependent
on the mission. The cargo ferry will be built with these factors in mind: mission
accomplishment, proven technology, and reusability.

The main mission of the ferry is to deliver a cargo to Mars orbit. Although there
will be no humans on board the ship, its cargo will be million dollar machinery,
probes, and equipment. The loss of this cargo will not be easily replaceable, since
most of it will be uniquely designed for this mission. The inability to perform the
mission will push the calendar for Mars expansion back several years. Therefore,
the craft must survive and reach its destination, and all design characteristics reflect
this consideration.

To make the mission more realizable, the SEMM1 technology level will include
mostly current production hardware. A cargo vessel is not a testing bed for exciting,
innovative gadgetry. However, space technology is evolving at a rapid rate, and
technological advances and trends should not be overlooked. Everything used on
the ferry has been studied for several years by top NASA and industry engineers.
By the time the ship is launched, most of the components will have been flown in
space and probably improved over what is presented in this report. Performance in
certain areas was projected based on what researchers predicted would be available.

The third consideration was endurance. The ship must be dependable and reusable,
or the cost of its operation would overshadow its usefulness~as a means of
transporting cargo. Degradation was analyzed, and modularity of the components
was emphasized so that easy maintenance could be performed by robots or
astronauts in Earth’s orbit.






1.4 Mission Scenario - General Assumptions

The construction of a cargo ferry has its place in a long list of space-related events.
First and foremost is the development of a heavy lift launch vehicle (HLV) to boost
the pieces of SEMM1 into Low Earth Orbit (LEO). The space shuttle is a
remarkable machine and is capable of great scientific experiments, but it is not big
enough or strong enough to be used for launching the cargo. A more powerful,
unmanned version of the shuttle, called Shuttle-C, has been proposed and would fit
the requirements for a launch vehicle. "Big, dumb boosters" are also a candidate for
a comeback, having been phased out in the 1970’s with the last of the Atlas
launches.

The second most important milestone is the construction and operation of a large,
manned, orbiting station. This station could be used for science and astronomical
study, but is most important to this mission as a construction site. Current proposals
for Space Station Freedom do not include such capabilities in Phase I, to be
completed in 1995. Phase II, however, will include the addition of special
construction bays where lunar and interplanetary vehicles may be assembled and
launched. Space construction offers the opportunity for huge structures to be built
that would not have been able to withstand the force of launching.

Other assumptions include the expansion of a Deep Space Network (DSN) for
interplanetary communications. This will require the placement of relay satellites
in Mars orbit before the cargo mission takes place. Also assumed is that Congress
and the American people will continue to support progress in space, for without
proper funding, the technology referenced in this paper may not exist.






1.5 Vehicle Configuration

1.5a Design Requirements

The initial requirements for SEMM1 were laid down before any research began.
The cargo ferry will be capable of carrying a 61,000 kg module. This cargo will be
sized according to the Shuttle-C cargo bay.

SEMM1 will be solar powered. The power collected will be used to power ion
thrusters using argon as a propellant. The nature of electric propulsion makes the
craft incapable of great accelerations and therefore very slow, which makes sense
considering the purpose of the vehicle. The total trip time to Mars and back was
suggested at around three years, since the cargo does not have to be on Mars
immediately, but timely enough to keep up the pace of the exploration.

1.5b Design Evolution

The layout of the vehicle was the first step to be considered. Pictures of Solar
Electric Propulsion (SEP) vehicle designs taken from other sources showed a variety
of configurations. Common sense dictated that most of the system’s hardware
components (i.e. cargo, computers, power conversion system, communications and
navigational gear) should be housed together in a module or two. Most of the
configuration choices differed only in shape of the solar arrays and location of the
engines.

The first concept that was considered was building the solar array as one immense
flat sheet. The core module containing the cargo and ship hardware would be
suspended in the center, with the ion thrusters mounted on wingtips that extended
out from each corner. This design gave the thrusters clearance from the arrays and
a very large moment arm that would help with maneuvers. However, it required
pumping fuel from the central tanks to each wing pod, a massive support structure
for the solar panels, and considerable construction and assembly in space.

Current satellites, including the Hubble Space Telescope, use a two-wing approach.
The main body supports two wings of solar panels opposite each other. This gives
the arrays the ability to rotate independently of the ship, and the ion thrusters could
be mounted together in a single module directly behind the core body. This design
was chosen early on as the most likely candidate for configuration.

Solar arrays can use various collection strategies to gather sunlight that falls on
them. Research quickly showed that optical concentrators would be ideal;
lightweight, efficient, and operating at a high temperature. However, difficulties
with assembly of a support structure and very strict pointing tolerances eliminated
the concentrators as an option and preassembled, self-deployable flat panel arrays
were chosen due to their maturity, relative ease of control and less stringent rigidity
requirements. In particular, the ability to be deployed automatically was a benefit
when considering assembly times and complexity.
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The configuration of SEMM1 uses a square-bay truss beam to anchor 24 self-
deployable flexible blanket solar arrays. These arrays provide a total area of 10,057
square meters and produce 3.03 Mwe of power at average output. A multi-bandgap
cell using Indium Phosphide (InP) was chosen because of the strong radiation
. resistance it provided. In fact, the cell suffers almost no degradation when kept
above 100°C and is the key to the power system’s reusability.

The above power is required to fire the ion thrusters located in the module on the
rear of the central body core. The size of the thrusters was determined using an
approximate optimization that balanced specific impulse, thrust, efficiency, and
power consumption. The optimal thrusters were found to be about 2 meters in
diameter, each capable of producing approximately 6 Newtons of thrust. The
thruster module contains 13 thrusters which can be fired in various combinations to
provide the thrust needed for the ship to complete various changes in orbit. The
optimal specific impulse was found to be 8,000 seconds.

Xenon has also been analyzed as a possible fuel for SEMM1. Although much more
expensive and volatile, xenon is denser than argon, so that the total fuel volume
required for the trip was almost three times smaller. Xenon operates more
efficiently, and was found to perform best when used with 1 meter diameter
thrusters capable of producing 3.2 N of thrust. The specific impulse in this case is
still 8,000 seconds and 29 thrusters are required to provide the same mission
flexibility and redundancy.

The total mass of the cargo ferry is estimated at 120,000 kg. Using trajectory
programs developed by the design team, a course for SEMM1 was charted that
would spiral the ship slowly out of Earth’s gravitational field. The optimal thrust
was established at about 60 N at Earth. SEP is an economical way to go, but is very
slow, requiring several months just to escape the influence of Earth. The ship then
spirals around the sun and intercepts Mars. Once caught by the planet’s gravity, the
cargo vessel then spirals down to Low Mars Orbit (LMO) where it completes its
mission.

The total trip time to Mars was found to be nearly two years. Cargo dropped off
at Mars and fuel used on the outbound trip will reduce the total vehicle mass so that
the return trip will only take one and one half years. Once in LEO, SEMM1 will
rendezvous with Space Station Freedom where it will be checked, refurbished, and
refueled for another trip.






1.5c¢ Design Summary

The driving parameters in the design of SEMM1 are nearly all dependent on each
other. Solutions to the mission requirements could be found only by using an
iterative process of optimization that suggested a balance between weight, power,
and length of mission. The main design conclusions are summarized below.

Cargo Mass | 61,000 kg
" Cargo 30 m long by 7 m
Volume dia.
Array Area | 10,368 m®
Array Power | 3.06 Mwe
Isp (Argon) | 8,000 seconds
Thruster 2 m dia.
Size
Thrust 60 N
(LEO)
Trip to Mars | 654 days
Return Trip | 497 days
Initial Mass | about 120,000 kg

TABLE 1-1 SEMMI1 Design Summary






2. TRAJECTORY ANALYSIS

2.1 MISSION REQUIREMENTS

Our mission is to transport 61,000 kg of cargo from low Earth orbit at an altitude
of 400 km to low Mars orbit with an altitude of 500 km and inclination of 70
degrees. The ship is to be powered using solar energy and propelled by an electric
propulsion system. The craft is to make this journey three times, with repairs and
refueling done at an Earth-orbiting space station. For the trajectory analysis it was
convenient to divide the mission into seven phases:

1) Escape from LEO/Plane change
2) Heliocentric transfer to Mars

3) Mars capture spiral

4) Mars loiter/Cargo drop

3) Mars escape spiral

6) Heliocentric transfer to Earth

7) Dock with space station at Earth

Spiral transfers were employed because of the low thrust capability of electrical
thrusters. Since the cargo ferry is power limited, time was a crucial factor in our
analysis.






2.2 TRAJECTORY CALCULATIONS

Initial calculations were performed using a program TRAJ which generated rough
estimates of trip times and fuel required. Later, the program QUICKTOP was
made available, and all orbital calculations were revised.

To begin the optimization process, a goal of a maximum round trip mission time of
about three years was established. This decision was made as a compromise
between shorter times (2-2.5 years) requiring higher fuel and power usage and very
long transfer times.

For a moderate range of specific impulse, and an initial mass of 140,000 kg, a
round-trip time of 3 yrs corresponded to an Earth-Mars transfer time of about 1.8
years. Using this time, and the values of initial estimates of vehicle mass and Isp,
power was first optimized using QUICKTOP’s power optimization function. Figure
2-1 shows an "optimum" power of 3.04 MW for an Isp of 8000 sec.

OPT IMUM POWER vs ISP

(trip time = 620 days)

EFFECTIVE POWER (MW)

2.7 L Fl A i 1 i i 1 I 1 1 i 1 L 1 i

{ Thousands)
ISP (seconas)

FIGURE 2-1
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When this value for "optimum" power was returned to QUICKTOP, the trip time
was verified (Figure 2-2). The next phase of optimization involved minimizing the
fuel required (Figure 2-3) for the Earth-Mars trajectory.

OPTIMUM POWER (MY)

OPTIMUM POWER vs TRIP TIME TO MARS
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FIGURE 2-2
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Since an actual minimum is not present on the plot of fuel vs trip time, an approach
considering diminishing returns was used for the return voyage. As figure 2-3
indicates, after a rapid drop in fuel required with increasing trip time, the fuel
consumption with time starts to level off around 630 days. These plots were
generated using an effective power of 3MW (at Earth), and an Isp of 8000 sec.

RETURN VOYAGE FUEL USE vs TIME
(ISP = 8000
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11 0% -
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Once the time of flight and fuel use were obtained, thrust time was considered in
order to determine the effect of trip time upon required thruster redundancy. The
plot of thrust time vs trip time closely followed the fuel use plot, to which thrust
time is directly related. Thus, in minimizing fuel use, a secondary effect of reduced
thrust time allowed us to lower thruster redundancy.(see Figures 2-5 & 2-6)






THRUSTER BURN TIME vs ISP
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Using the revised mass estimates, an overall mission time of flight vs Isp plot was
developed (Figure 2-7) for the 3MW power near Earth and an Isp of 8000 sec.
Note that this curve is a function of many variables: with a constant initial mass, a
higher Isp usually involves a longer voyage; but it also requires less fuel, which
lowers initial mass and increases thrust acceleration. These varying factors result in
a minimum trip time occurring at an Isp of about 8000 sec.

MISSION TIME OF FLIGHT vs ISP

(Power = 3MW at Esrth)
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FIGURE 2-7

The 70° inclination change at Mars is accomplished during the Mars capture spiral.
When the vehicle reaches an altitude of around 350,000 km, it reorients its thrust
direction perpendicular to its orbital plane. It takes about 31 days for the vehicle
to move 70° in longitude. The thrust direction is then moved back into the orbital
plane and the vehicle continues to spiral down until it reaches 500 km altitude,
where it holds in a loiter orbit and deploys the cargo. A similar plane change
maneuver on the return trip will require 15 days of thrusting in the out-of-orbit
plane direction.
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2.2a LAUNCH DATE OPTIMIZATION

In order to optimize fuel use and trip time, the proper launch date had to be
established. QUICKTOP allows for this by accepting an initial guess for launch
date, and the associated orbital ephemeris, and returning an optimized launch date.
To find initial guesses for dates, a spread of four years (2010-2013) was studied
using several dates within each year. The best results were considered for the
second half of the mission.

To determine the date for departure from Mars, the arrival date was used as an
initial guess for the departure date. This was repeated until the desired trip time
and fuel use was returned. Using this process, a launch date of May 7, 2012 was
found to be optimal over the four year span(33). A launch window of 48 days was
calculated using the following criteria:

1) The original fuel use would not increase by more than 5%
2) Trip time would not increase by more than 25 days.

The loiter time at Mars was a direct function of the optimum launch date from Mars
calculated by QUICKTOP, with the loiter time simply being the difference between
arrival and departure.

RESULTS
PHASE TIME (days)
1 Earth Escape 161
2 Heliocentric Spiral 401
3 Mars Capture 92
TOTAL (Earth-Mars) 654
4 Mars Loiter 19
5 Mars Escape 68
6 Heliocentric Spiral 302
7 Earth Capture 109
TOTAL (return) 479
TOTAL MISSION TIME 1133 days
= 3.1 years

TABLE 2-1 MISSION TIME
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The propellant mass required for a round trip was found to be 19,865 kg. A large
20% contingency is added for reserve and auxiliary propulsion resulting in a mass
of 23,840 kg. A schematic of the SEMM1 trajectory is shown in figure 2-8.

2.2b DISCUSSION

The results obtained from QUICKTOP were much more accurate with respect to
time and fuel use than our initial estimates (based on TRAJ program). The mission
time of 3.1 yrs fell just within our design goal and the payload ratio of about 0.5 for
a cargo mission is quite good. In comparison to the initial results, the heliocentric
times differed by only 13 days. The disparity arose from TRAJ’s inflated spiral
escape and capture times.
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EARTH & MARS PHASE
POSITIONS

EO & M0 -- BEGINNING OF EARTH SPIRAL
El & M1 - BEGINNING OF HEL [OCENTRIC SPIRAL

E2 & M2 - DBEGINNING OF MARS SPIRAL

E3 & MD - EREACHES LOW MAHS Dl
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3. PROPULSION SYSTEMS

3.1 PROPULSION TRADE-OFF ANALYSIS

When designing thrusters, two of the main considerations are specific impulse and
fuel requirements. Using a high specific impulse generally means that thruster
efficiency is increased and fuel consumption is decreased, but the penalty is that trip
times are increased due to reduced thrust at a constant power level. Initial design
requirements specified that the propulsion system for this mission should be an
argon ion engine run on solar electric power. The results from the solar electric
power investigation resulted in selection of the flat panel solar arrays.

Figure 3-1 shows the schematic of an ion engine.

—]
Accelerator
Cathode P
chanber Oecelerator
Dischorge ——1"
chanber Screen
L —1
FIGURE 3-1

For about 60 N of thrust at Earth it was found that 3 Mwe of effective power is
needed for the thrusters, at a specific impulse (Isp) of 8000 seconds and an initial
vehicle mass of 120,000 kg. These findings were the results of an approximate
design optimization investigation. In the investigation, various effective powers
(Peff) were assumed and analyzed across a wide range of specific impulses. From
the effective power and Isp, thruster efficiency (Nth), total vehicle thrust at Earth
and propellant mass flow rate were calculated. Next, an iterative process involving
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total initial mass (Mi) was utilized to determine the number of thrusters, trip times
and masses of propellant, solar power system, structures, fuel tanks and engines.
From these masses an iterative Mi was found.

Initially, 30 cm and 50 cm diameter argon thrusters were considered because they
have been the subject of many investigations. However, on the basis of recent
literature(27,28) it was projected that larger thrusters would be more adequate for
our mission. Table 3-1 shows that larger diameters are projected to have higher
propellant utilization efficiencies. As a result, further work has been recently done
on larger diameter thrusters with diameters greater than 1 meter. Though the
quantity of information on thrusters of this magnitude is much more limited than
that for smaller thrusters, extrapolations were made for the missing specifications
to simulate rough estimates. The major design considerations in our case are the
number of thrusters needed, thruster system mass, and cost. The number of
thrusters needed for the trip depends, of course, on the size and output of the
thrusters. Table 3-1 also shows the changes in output with respect to size(28). The
specific impulse is 8000 sec.

Thruster size (cm) 30 50 100 200
Thruster output (N) | 0.3 0.8 2.4 6.7
Propellant 0.855 0.890 0.913 0.929
Utilization

TABLE 3-1 ARGON THRUSTERS

Thruster lifetimes of ion engines are not significantly dependent on size(27). Some
optimistic estimations have predicted 30,000 hour engine lifetimes for small thrusters
in the near future(5). From the available data, trends show that there is a decrease
in mass due to large diameter thrusters.
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The approximate optimization process consisted of the previously mentioned
iterative scheme and a tedious balancing of design characteristics. The relationship
between thrust and Isp shows that smaller specific impulses yield larger, and
desirable, thrusts. However, small Isp’s have an adverse affect on the initial mass
(Mi). Figure 3-2 illustrates the decrease of mass with increasing Isp.

Mass vs. Isp
Peff » 3 W

T T T

[T Ty
(Thousanas)

8
LAMEL A G N SN Sa e |

FIGURE 3-2

As a consequence of the reduced initial mass, the payload ratio (payload to initial
mass ratio), which is essential to mission efficiency, increases with Isp. This is
illustrated in figure 3-3.

Pay load Ratio vs Isp
Peff o 3 W

Payiosd Ratle
o
i

FIGURE 3-3
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A range of 5000 to 9000 seconds for Isp was found to be advantageous in terms of
trip time. The final design consideration was the number of thrusters required. It
was found that for all size thrusters, the number of thrusters necessary for
maintaining a maximum thruster efficiency decreases with increasing Isp. Figure 3-4
shows increasing thruster efficiency for increasing Isp.

Thruster Efficiency vs. Isp
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FIGURE 34

From this analysis it was determined that a high Isp would be needed for the most
efficient vehicle. Once this was concluded, the analysis was carried out for varied
effective powers.

Early in the design process, it was found that a range of effective powers from 2.5
to 3.5 MWe would be needed to provide the proper thrust for the mission. The
effective power is related to the total power collected by collector efficiency.
Increasing the Peff at a constant Isp increases the thrust and tends to reduce total
trip time, but at the same time it increases the mass which increases trip time, and
thus may partly cancel the reduction just mentioned. Since the total round trip time
was to be limited to approximately 3 years, a proper power had to be chosen. The
trajectory program QUICKTOP (obtained from NASA Langley) shows that a Peff
= 3 MWe would produce the desired trip time. Using a lower effective power
would result in trip times that are too long. A higher effective power would increase
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the total initial mass. The resulting increased cost due to the extra weight may not
be worth the trip time saved. QUICKTOP also shows that for a Peff = 3 MWe the
optimum Isp is about 8000 sec.

The effective power and specific impulse given above yield a thrust of 63 N at LEO.
This point is illustrated on figure 3-5.
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3.2 PROPELLANT TANKS

There are several variables involved in the design of an electric propulsion tank
system. For a chosen propellant, the shape, size and structure of the propellant
tanks must be determined, and the pressure and temperature conditions of the
propellant itself must be determined. Once these design needs have been met, more
detailed criteria must be investigated including thermal control systems and vapor
acquisition schemes. This report will center on the propulsion system based on
argon propellant because the latter was suggested by the NASA’s Space Exploration
Office. However, as an added consideration an analysis of xenon as a propellant has
been included in section 3.4.

The first step in the SEMM1 propulsion system design process was to choose
between cryogenic and supercritical storage of the argon propellant, table 3-2 shows
a comparison of the two states.

Cryogenic 85 1 7.04 x 10"
" Supercritical | >151 >48.1 2.996

TABLE 3-2 STORAGE COMPARISON

It can be seen that the supercritical storage requires a much larger volume and
pressure. Such demands yield a significantly greater tank size and mass than the
cryogenic storage. This critical fact forced the selection of argon in a cryogenic
state.

The next step in the design process was determination of tank structure and shape.
Two basic types of tanks were analyzed: elliptical and spherical, or cylindrical, tanks.
It was found that ellipsoids yield optimal tank shapes for cryogenic propellants.
Ellipsoidal tanks are structurally sound and provide a simplified vapor acquisition
system at a cost of increased fabrication complexity. The vapor in the propellant
tanks must be extracted from a vapor bubble that is formed in the tank. In an
elliptic tank the vapor bubble moves to the part of the tank that has a maximum
diameter. Thus the vapor bubble is always located in the same place and vapor
acquisition is simplified. The tank system itself may consist of two shells, one inside
the other. The outer shell with insulation would serve as a radiation shield and the
inner would act as a pressure vessel. Thus, the shells may be separated by argon
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vapor piped from the inner tank that would act as a coolant for the pressure vessel.
Such a cooling system was found to have negligible propellant losses(10). This
configuration can be seen in Figure 3-6.

— 5.7 m -

vapor acguisition

>

vapor
cubb | e 2.25m

FIGURE 3-6
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A collapsible bladder tank has also been investigated (figure 3-7). While such a tank
may yield a 97% expulsion efficiency, its disadvantages include large tank volume
to contain an all-vapor phase fluid and a requirement for an additional gas to expel
the propellant. These two facts make the CBT’s quite inefficient for our project.
Cryogenic elliptical propellant tanks were found to be the preferred configuration
for SEMM1.

Tonk Shell —a
Bladder
& Acquisition —es
FIGURE 3-7

A single ellipsoidal tank for cryogenic argon storage was selected. Figure 3-6 shows
the dimensions of the tank and table 3-3 provides specifications for argon storage.

Total Propellant Mass | 23,840 kg
Total Volume 173 m?
Temperature 85°K
Pressure 1 atm
Density 1420 kg/m®

TABLE 3-3 ARGON STORAGE

The argon vaporized by solar radiation incident on the tanks will be piped out of the
tank and sent to the thruster system. In addition, some of the vaporized propellant
will be sent between the two shells of the tanks to cool the remaining argon. The
vapor probes used to extract and transfer the vaporous argon will be constructed of
composite ceramics due to their high strength combined with a low thermal
conductivity. The tank thermal control system consists of multilayer film and
honeycomb insulation, composite films and paints for the outer surface, and heating
coils to maintain the vaporization of the argon near Mars. The need for thermal
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control stems from the requirement to keep the propellant flowing at the desired
rates at the Earth and Mars orbits. In addition, since solar absorbance increases
with the life of the mission, due to the continuous contamination and attacks of
charged particles and ultraviolet radiation, there is a need to provide the tanks with
adequate protection. The tank shells will be constructed of thin aluminum-lithium
alloy. The meteoroid/debris protection and thermal insulation of the tank will
consist of surface coated (with Kapton H and inert oxides) face sheet (Gr-
Polyimide), spacer material (low density foam or fiber wool), intermediated
reinforcement (Kevlar cloth) and 120 layers of MLI (multilayer insulation). The
latter consists of layers of low conductivity materials such as dacron polyester tuft
loc, sandwiched between highly reflective metallized polymeric films. The total
thickness of the meteoroid/debris protection and thermal insulation is about 16 cm.

The propellant tank will be encased in a box like structure. The dimensions of the
housing take into account the piping and structural material of the tank. The tank
will be refueled and/or replaced after every trip. The tank housing is connected to
the thruster module in such a fashion that allows for quick connection of fuel lines
as well as easy maintenance access. The interface